INTRODUCTION
Graphene is a two-dimensional semi-metallic crystal with zero bandgap, [1] [2] [3] which hinders its use in many electronic and optoelectronic devices, where a suitable bandgap is essential. [4] [5] It has been predicted by theoretical studies that narrow (<10 nm) graphene nanoribbons (GNRs) with armchair-type edges exhibit semiconducting behavior, due to the intense quantum confinement and edge effects. [6] [7] [8] Whereas the predominant "top-down" approaches, such as lithographical patterning of graphene [9] [10] and unzipping of carbon nanotubes [11] [12] can hardly control the width and edge structure of GNRs, surface-assisted [13] [14] [15] and solution-mediated [16] [17] [18] [19] [20] "bottom-up" methods have been developed to synthesize atomically precise GNRs. Such "bottomup" synthesized ultranarrow (~1-2 nm) GNRs have demonstrated large bandgaps of ~1 to 2 eV with visible to near-infrared absorption, [16] [17] [18] [19] [20] [21] [22] [23] rendering them highly interesting for a broad range of applications in next-generation transistors, as well as optoelectronic and photonic devices. [24] [25] [26] However, the device applications of the "bottom-up" synthesized GNRs are still elusive, because on one hand, processing of solution-synthesized GNRs is a major obstacle due to their limited solubility and tendency to aggregate in dispersions. 17, [19] [20] 27 On the other hand, the amount of GNRs accessible by surface-assisted method is limited, and the elaborate and costly ultrahigh vacuum (UHV) equipment restricts the large-scale fabrication and further use of the GNRs. Sakaguchi and Nakae et al. have previously proposed a use of CVD method for the on-surface synthesis of GNRs, but low pressure was required for the process and unambiguous elucidation of the quality and precise structures of the resulting GNRs has remained elusive. 28 The precise structures of the GNRs "bottom-up" synthesized under UHV have been demonstrated by high resolution scanning probe microscopy (SPM) together with various spectroscopic characterizations, including Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). [13] [14] [29] [30] [31] [32] Nevertheless, there is still often a lack of direct evidence for the precise chemical structures of the GNRs. For example, C and N atoms cannot be directly distinguished in GNRs because of their nearly identical topographic morphology. 14, 31 To date, there is thus no direct evidence for the precise chemical composition of heteroatom-doped GNRs and their heterojunctions. 14, [30] [31] 33 Here, we demonstrate an efficient ambient-pressure CVD process for inexpensive and high-throughput growth of structurally defined GNRs over large areas, employing hydrogen gas as oxygen scavenger. The GNRs by this CVD method exhibit structural quality and properties comparable with those of the same GNRs synthesized under UHV conditions, as supported by Raman spectroscopy, XPS, high-resolution electron energy loss spectroscopy (HREELS), and scanning tunneling microscopy (STM)
characterizations. Homogenous GNR films over areas of square centimeters can be obtained and successfully transferred to non-conducting wafers, allowing for the facile device integration. Thus fabricated field-effect transistor (FET) devices exhibit a large current on/off ratio of up to 6,000, which is significantly higher than values reported so far for thin film transistors made with structurally defined GNRs. [27] [28] 34 Moreover, by using graphene electrodes, the contact resistance can be drastically reduced while preserving the high current on/off ratio. This "bottom-up" CVD method further allows the growth of N-doped and N, S-co-doped GNRs as well as 4 their heterojunctions, demonstrating the versatility and scalability of this process, which provides access to a broad class of GNRs with engineered structures and properties based on molecular-scale design. Importantly, high-resolution mass spectrometry analyses of their early-stage polyphenylene precursors provided strong evidences for the chemical composition at the termini as well as the doping and heterostructures of the CVD-grown GNRs.
RESULTS AND DISCUSSION

CVD growth of GNRs
For the growth of chevron-type GNRs, the halogen-functionalized monomer 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene (DBTT) was used as molecular precursor (Figs. 1 and S1). In a CVD setup, the DBTT molecules were sublimed by a heating belt and deposited on an Au/mica surface that was kept in the central zone of a horizontal tube furnace at a temperature of 250 °C (Figs. 1a and S2 ). The halogen groups of the monomers were removed by thermal activation on the Au surface to form biradical species, which subsequently underwent radical coupling reactions to form covalent C-C bonds between each monomer, yielding a chevron-type polyphenylene precursor. Finally, the polyphenylene precursor was annealed to a higher temperature of 450 °C to establish an extended fully aromatic system, where the surface-assisted intramolecular cyclodehydrogenation afforded the structurally defined chevron-type GNRs (Fig. 1a) . In contrast to the UHV 13 and the three-zone low-pressure CVD 28 processes reported before, a two-zone system and ambient pressure were used in our synthesis, for the first time demonstrating that the GNRs can be fabricated efficiently even under such readily available conditions. The results also proved that the surface-assisted polymerization and cyclodehydrogenation reactions for the GNR synthesis are pressure-independent, from UHV to ambient pressure. The CVD growth was carried out under a mixture of Ar and H 2 , which is essential to suppress the oxidation of the resulting GNRs as revealed by HREELS and XPS (vide infra). This CVD method can be further applied to different monomers, enabling ambient pressure synthesis of heteroatom-doped GNRs as well as GNR heterojunctions (vide infra). 21 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Mass spectrometry characterization of the intermediate polyphenylene
precursors and GNRs
The polymerization reaction was first studied by high-resolution matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), which is a powerful method to assess the atomic composition of complex organic compounds. 35 For MALDI-TOF MS measurements, the {(2E)-2-methyl-3-[4-(2-methyl-2-propanyl) phenyl]-2-propen-1-ylidene}malononitrile (DCTB) matrix was sublimed on the asdeposited polyphenylene precursors on the Au/mica substrate. The MS spectrum exhibits regular patterns of polyphenylene precursors from dimer (m/z = ~1,062 Da) to pentadecamer (m/z = ~7,966 Da), in agreement with the expected mass values, which confirms the successful polymerization reaction (Fig. 1e) . The observed isotopic distribution is in perfect agreement with the simulated pattern, proving the precise chemical composition of the polyphenylene precursors (Fig. 1e, inset) . The intensities of these MS peaks decrease for longer polyphenylene precursors, and precursors larger than fifteen repeating units, i.e., ~12 nm in length were not observed.
We have also successfully investigated the polymerization reaction in CVD growth of other GNRs, such as N = 7 armchair GNRs (7-AGNRs), using the high-resolution MS analysis method (Fig. S3 ).
Understanding the nature of the GNR termini is important to reveal the factors limiting the length of GNRs. 29 the exact isotopic distribution of each polyphenylene does not match the radical termini but is in agreement with a H-passivated structure (Fig. S4) . These results indeed agree well with the SPM study on GNR termini. 29 However, no signal that can be attributed to premature cyclodehydrogenation of the precursor can be detected. The amount of premature cyclodehydrogenation might be too limited to be detected by MALDI-TOF MS even if it exists. The reported SPM analysis revealed that 15% of the GNR termini are methylene groups (H 2 passivation). 29 Nevertheless, MS analysis
does not support such a termination for the polyphenylene precursors.
Whereas the polyphenylene precursors could be well characterized, the MALDI-TOF MS analysis of the resulting chevron-type GNRs on Au/mica substrates shows no meaningful signals. We suppose that the planar GNRs strongly interacting with the gold surface could not be effectively desorbed by MALDI. 17, 36 When the GNRs were transferred onto a silicon wafer, some carbon fragments could be detected (Fig. S5 ).
Interestingly, all the observed fragments are even-numbered carbon clusters formed through destructive ablation of the GNRs by the laser irradiation in the MS system, which is remarkably similar to the LDI MS spectrum observed for graphene.
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UHV characterizations of GNRs
Although the investigation of ambient-pressure samples under UHV conditions is generally challenging due to the atmospheric contaminants, UHV STM, XPS, and HREELS are key characterization methods for GNRs. Topographical STM surveys of the sample after the first polymerization step show chevron-type polyphenylene precursors ( Fig. 1b) . High-resolution data reveals zigzag shaped polymer chains in good agreement with that of previous UHV-STM studies, 13 where the tetraphenyl substitutions marked in green are tilted with respect to the surface, resulting in bright features in the STM images ( Fig. 1c, d ). After the final cyclodehydrogenation step, a planar chevron-type structure of the resulting GNRs is identified in both ambient and UHV STM investigations ( Fig. 2a-c ). Higher resolution UHV image reveals additional imperfections at the submolecular level. The white and cyan arrows in Fig. 2b indicate common defects due to broken phenyl rings and randomly coupled GNRs, respectively. To be noted is that even the "atomically precise" GNR made under UHV are not always 100% atomically precise, in terms of the curving and branching. 13 Recently, the coupling of several GNRs into complex junction structures has also been found in the UHV-grown GNRs and revealed by CO-functionalized atomic force microscopy in atomic resolution. [38] [39] These coupling junctions between GNRs may be important tool in the development of graphene-based circuitry and facilitate the electronic device investigation on GNRs. 38 Large scale survey was difficult to obtain due to adsorbed impurities from ambient pressure condition (bright white protrusions in Fig. 1b-d and Fig. 2a-c) , hindering quantitative statistical analysis of the GNR quality. Nevertheless, we would like to highlight that we can synthesize GNRs much faster and facilely under the CVD conditions with a significantly simpler setup, which can be easily scaled up for applications. We suggest that further preparation of the samples in clean room conditions and vacuum packaging may improve the quality of GNRs and also facilitate the UHV STM characterization.
Instead, the quality of the CVD-grown chevron-type GNRs was further examined by comparing the XPS and HREELS spectra with those of a reference GNR sample, which was grown in-situ under UHV conditions on an Au(111) single crystal 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 important to notice that in both spectra the feature at ~700 cm -1 , which is attributed to the out-of-plane (C-H) mode of the mono-substituted benzene rings and is therefore present only for the monomer and polyphenylene precursors, is indeed barely visible. 30 This finding, together with the dominant intensity of out-of-plane modes relative to in-plane ones, proves that the reaction from the polyphenylene precursors to flat GNRs is completed. 30 The quality of the CVD-grown GNRs is also documented by the huge intensity of the elastic peak, and the narrow width of the vibrational modes, which are comparable with those of the UHV-grown GNRs. The slight differences seen in the spectra might be caused by the atmospheric contaminants on the Au(111) surface under the ambient-pressure conditions. Besides, compared with UHV conditions, we have found that hydrogen is important for CVD growth of high quality GNRs. Normally, the oxygen content in CVD is much larger than the UHV system and is inevitable, leading to the considerable oxidation of the resulting GNRs, as evidenced by the HREELS analysis: The HREELS spectra of the CVD-GNRs grown without H 2 displays two extra broad features located at 440 and 1,100 cm -1 , which may attribute to C-O-C deformation and stretching modes (Fig. 2f) .
The oxidation of the GNRs grown without H 2 was further corroborated by XPS where much higher level of oxygen content was detected (see Fig. S6 and the Supplementary Information for details). High quality of the CVD-grown GNRs could be achieved only under the presence of H 2 in the growth, which can suppress the oxidation of the GNRs during the high temperature annealing (Fig. 2f) . Therefore, combination of the high-resolution STM, HREELS, and XPS analyses proved that structurally-defined GNRs can be synthesized by our CVD method under the presence of H 2 , with high quality comparable to that of the UHV-grown GNRs.
Transfer of the GNRs and their Raman and UV-Vis-NIR spectroscopy characterizations
The Raman spectra of the CVD-grown chevron-type GNRs excited by a 532 nm laser is presented in Fig. 2d and Fig. S7 , where the most intense peaks are at ~1,330 and 1,608 cm -1 , typically assigned to D and G bands, respectively. 43 Remarkably, sharp peaks of low-frequency modes can be observed at ~180, ~284, and ~403 cm -1 , which may be related to the specific GNR structure, like the width-specific radial breathinglike mode (RBLM), 13, 19 indicating high uniformity of the chevron-type GNRs. Raman spectrum of the CVD-grown 7-AGNRs demonstrates perfect agreement with that of the same GNR prepared under the UHV condition, including the RBLM at ~400 cm -1 and other smaller features, which further corroborates the highly defined structures of the CVD-grown GNRs (Fig. S3) .
Moreover, the quantity of GNRs and the size of the resulting films can be easily scaled up by using large Au/mica substrates, e.g., with an area of 25×75 mm 2 as shown in Fig. 3a (essentially limited only by the furnace and tube dimensions), which is much larger than the reported small piece of GNRs by CVD (limited to a size of ~10×10 mm 2 ) using the similar size of quartz tube. 28 After the CVD growth, the GNRs can be transferred onto other substrates with or without the assistance of poly(methyl methacrylate) (PMMA) (Scheme S2 and S3). The transferred GNR films possess a high uniformity over an area of square centimeters without any cracks based on the optical images and Raman mapping (Figs. 3b and S7-9). Atomic force microscopy of the GNRs transferred on silicon wafer reveals a thickness of ~0.7 nm (Fig. 3d) . The chevron-type GNR films have also been transferred layer by layer on fused silica for UV-Vis-NIR absorption measurements (Fig. S10) . The spectrum exhibits absorption in the UV and visible region with an absorption maximum at ~450
nm. The optical bandgap of the GNR film was roughly estimated from the absorption onset at ~700 nm to be approximately 1.8 eV, [19] [20] suggesting their potential for electronic device applications.
Electronic properties of GNR-based three-terminal FET devices
Based on the successful transfer of chevron-type GNR films on any desired substrates, we have fabricated three-terminal FET devices using GNRs as the channel material, to study their charge transport properties. The first set of devices was fabricated from chevron-type GNR films transferred on a silicon wafer, where Pd/Ti (50 nm/1 nm) electrodes were patterned as the contact metals using electron-beam lithography (EBL) (Fig. 3c) . The channel length was ~1-2 µm (see Supplementary Information for more details). As shown in Figs. 3e-f and S11a, a large gate-modulation to the source-drain current can be observed (current on/off ratio >1,000). The GNR transistors exhibit a unipolar p-type conduction, as the source-drain current increases with increasing negative gate voltages. The p-type conduction might be caused by doping via adatoms (e.g. oxygen from air), since the device measurements were carried out in ambient condition. 44 Best performing devices exhibit current on/off ratio of >6,000, which is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 significantly higher (more than three orders of magnitude) than the values reported so far for other "bottom-up" synthesized GNR thin film network transistors (with typical on/off ratio of ~2-5), [27] [28] 34 and even better than the devices on UHV-GNRs with an ultranarrow channel. 44 Fig. 3f shows I ds -V ds curves of a typical GNR transistor. The non-linear nature of the curves at small bias regimes suggests Schottky-contact behavior. This observation is understandable because our GNRs are very narrow and possess a large bandgap. Since the GNR devices reveal p-type conduction in air, the use of high work function contact materials, such as MoO 3-x , 45 may offer better contacts to the valence band of GNRs and deliver better device performance.
Alternatively, reducing the channel length may also improve the device performance, as the additional resistance between adjacent ribbons is reduced or can be completely
avoided. This has been tested in an additional set of devices where the Pd electrode was in direct contact with the GNR films and the spacing between the electrodes was smaller than 50 nm (Fig. 4a) . Because of the drastically reduced active channel length, the same level of current flow can be achieved at one order of magnitude lower source-drain voltages. However, in that case the influence of the gate voltage is drastically reduced, which may be attributed to the screening effect of the metal electrodes on the electric field from the gate. Therefore, either a thinner insulating barrier layer or a better source-drain electrode material would be needed to retain the FET-functionality in the short-channel devices. For this purpose, and by taking advantage of the facile transfer process of our GNRs, we realized another type of three-terminal FET device by direct transfer of the chevron-type GNRs on prefabricated graphene electrodes, i.e. a graphene device where the channel has been opened with a gap of approximately 100 nm by EBL and oxygen plasma etching (see 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 applicable gate voltage. Improvement of the channel-gate coupling, for instance by employing a top gate with a thin high-k dielectric, is expected to further enhance the device performances. Interestingly, contrary to the p-type conduction observed in the long-channel devices, the devices based on graphene electrodes show an n-type conduction, which was previously found also for the UHV-GNR device. 44 The I ds -V ds curves in Fig. 4d remain non-linear, indicating the presence of a Schottky-type contact also in these devices. We suggest that the performance of these GNR devices can be further improved by using hBN as its support. Moreover, development of wider GNRs with smaller bandgaps and growth of longer GNRs through optimization of the CVD process may further reduce the Schottky barriers and contact resistance for a better electrical connection to electrodes.
Heteroatom-doped GNRs and GNR heterojunctions
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In the inset of e, the C1s core level spectra are presented.
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